B R R e

involved in cell penetration and motility,
which are in vitro parameters for metastasis
(23). Likewise, reduction or loss of ME49]
expression is associated with increased met-
astatic ability of human malignant melano-
ma (22). Further studies are needed to clar-
ify the functional roles of these genes in
tumor metastasis.
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Long-Range Motional Restrictions in a Multidomain
Zinc-Finger Protein from Anisotropic Tumbling

Rafael Brischweiler,* Xiubei Liao,T Peter E. Wrighti

Structural characterization of biomolecules in solution by nuclear magnetic resonance
(NMR) spectroscopy is based primarily on the use of interproton distances derived from
homonuclear cross-relaxation experiments. Information about short time-scale dynamics,
on the other hand, is obtained from relaxation rates of heteronuclear spin pairs such as
1SN-1H. By combining the two types of data and utilizing the dependence of heteronuclear
NMR relaxation rates on anisotropic diffusional rotational tumbling, it is possible to obtain
structural information about long-range motional correlations between protein domains.
This approach was applied to characterize the relative orientations and mobilities of the
first three zinc-finger domains of the Xenopus transcription factor TFIIIA in aqueous
solution. The data indicate that the motions of the individual zinc-finger domains are highly
correlated on time scales shorter than 10 nanoseconds and that the average conformation

of the three-finger polypeptide is elongated.

Proteins of modular architecture, assem-
bled from independently folded domains,
are common in eukaryotes and play an im-
portant role in such fundamental events as
transcriptional regulation, signal transduc-
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tion, and blood coagulation. Characteriza-
tion of the interdomain spatial interactions
and motions is essential for understanding
the function and biological activity of mod-
ular proteins. NMR spin relaxation mea-
surements offer the potential for character-
izing the flexibility and overall solution
structure of multidomain proteins, even
when most interdomain proton-proton dis-
tances exceed the 5 A limit for observation
of the nuclear Overhauser effect (NOE).
Orientational correlations between pro-
tein domains can induce anisotropic overall
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rotational tumbling, which affects NMR
spin relaxation (1). This effect can be ex-
ploited to characterize average interdomain
orientations in multidomain proteins on the
basis of the corresponding rotational diffu-

Fig. 1. Model for the averaged alignment of the
three zinc-finger domains of ZF1-3 (first three do-
mains of transcription factor TFIlIA) obtained from
anisotropic rotational tumbling effects manifested
in heteronuclear NMR relaxation data. The mole-
cule is, on average, highly elongated. The ellip-
soids superimposed on the three zinc-finger do-
mains represent the rotational diffusion tensors
from Table 1..The three domains are oriented
such that their diffusion tensors are aligned with
respect to each other. The peptide backbone and
the position of the zinc atom in each finger are
shown in white. The ellipsoid of the NH,-terminal
domain (ZF1) is red, that of the middle domain
(ZF2) is blue, and that of the COOH-terminal do-
main (ZF3) is green. The lengths of the principal
axes of each ellipsoid are proportional to the rota-
tional diffusion coefficients D,,, D,,., and D,, for
the corresponding zinc-finger domain. The rela-
tive sizes and shapes of the ellipsoids reflect the
differential mobilities of the zinc-finger domains.
The blue ellipsoid is the smallest and most aniso-
tropic and reflects the slow and restricted rota-
tional tumbling of ZF2 relative to the other two zinc
fingers. The largest eliipsoid is that of ZF3 (its size
indicates that this domain has the greatest mo-
tional freedom).

sion tensors derived from '’N relaxation
data. The spin relaxation rates depend on
the average orientations of the ’N-'H in-
ternuclear vectors and on their fluctuations
relative to the diffusion tensor. In this way
dynamic long-range correlations can be as-
sessed, thereby extending structural infor-
mation from homonuclear cross-relaxation
rates and scalar J-coupling constants. This
approach can generally be used to charac-
terize long-range order in modular proteins,
provided that they exhibit significant tum-
bling anisotropy. We illustrate the method
with a polypeptide, termed ZF1-3 (2),
which contains 92 amino acids and consists
of the first three Cys,-His, zinc-finger do-
mains of the Xenopus transcription factor
TFIIIA (3). This protein binds with high
affinity and specificity to the C-block ele-
ment of the internal control region of the 58
RNA gene (2, 4, 5).

Heteronuclear protein backbone !°N
NMR relaxation parameters, consisting of
longitudinal relaxation rates T, transverse
relaxation rates T,, and the N {'H} NOE
(M) were measured (6, 7) in standard mul-
tidimensional inverse-detected NMR ex-
periments (8, 9). Generally, anisotropic ro-
tational diffusion of a rigid molecule (asym-
metric top) is characterized by its diffusion
tensor D of rank 2 (10), which can be
represented by a symmetric 3 X 3 matrix
and is defined by six parameters, such as the
lengths of the three principal axes D_, D”,
and D, and the Euler angles a, B, and ¥,
which determine the orientation of the ten-
sor {diffusion frame) with respect to a mol-
ecule-fixed reference frame. A diffusion
tensor can be conveniently visualized by a
three-dimensional ellipsoid (see Fig. 1),
which represents the rate of rotational tum-
bling about arbitrary axes.

For each N-'H pair, overall tumbling
and fast internal dynamics are separable
according to the model-free formalism (11),
where the power spectral density function
at the '°N site is parametrized as

2 ZTc,i 2 ZTeff,i
J{w) = Sim +(1- Si)m
and ‘ ‘
Te_ffl,i = Tc_,il + Ti:\tl,i (1)

where i specifies the '’N-'H pair, Tc; is its
overall tumbling correlation time, S? is the
order parameter that describes the spatial
restriction of intramolecular motion of the
internuclear "’N-"H vector, and 7,,; is the
associated effective internal correlation
time. The three parameters 7_, S7, and 7, ;
can be determined from experimental val-
ues of T, ,, T, , and m, by a least squares fit
(11). In the case of anisotropic rotational
diffusion, the 7_; values depend on the di-
rections of the !’N-1H vectors relative to
the diffusion tensor, and we use this geo-
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metric information in the following to de-
scribe preferential orientations and mobili-
ties of protein domains. In contrast, for a
spherical top, which is most commonly as-
sumed for the interpretation of NMR relax-
ation data, 7_; is direction-independent and
thus contains no information on structure.

It can be shown that, for small anisotro-
pies of the diffusion tensor, the 7_; values
follow a representation quadric

(6Tc,i 1= eiTDei (2)

where e, is the normalized interatomic vec-
tor of '’N-'H pair i. The eigenvectors of D
define the principal axes of the diffusion
tensor, and the three eigenvalues D, D,,
and Dj are related to the rotational diffu-
sion constants D, D, and D_, by

xx?

Dxx: _Dl +D2 +D3
Dyyz Dl_Dz+D3
D, + D, = Ds (3)

DZZ =

For a set of N ’N-'H vectors {e} with
correlation times {Tc,i}, the diffusion tensor
D can be determined by a linear least
squares fit provided that the set {e} repre-
sents a sufficiently wide distribution of di-
rections. The presence of secondary struc-
ture introduces orientational correlations
between the N-'H vectors and thus re-
duces the effective number of independent
data points. The degree of overdetermina-
tion of the linear least squares optimization
problem of Eq. 2 can be assessed in the usual
way by means of the condition number
obtained from a singular value decomposi-
tion, and the quality of the model can be
characterized by the goodness of fit based
on the minimum x? (12). Equation 2 de-
scribes the general case of an asymmetric
top, which is the model of choice in the
absence of molecular symmetries.

Diffusion tensors have been determined
individually for each of the three zinc-finger
domains in ZF1-3. For this purpose, a set of
29 structures of ZF1-3 has been generated
from experimental NOE spectroscopy cross-
relaxation data complemented by NH-H,,
coupling constants (13). Each of the three
zinc-finger domains has a well-defined
structure and displays the canonical zinc-
finger fold (14), a small globular motif
formed from a B hairpin and an a helix that
ligates a zinc ion. Only very few interdo-
main NOEs could be detected (13), all of
them between the NH,-terminal zinc finger
(ZF1) and the middle finger (ZF2). These
interdomain NOEs involve residues Asp'®
and His?® of ZF1 and Phe* and Thr* of
ZF2 and are indicative of interactions be-
tween the domains. However, with so few
interdomain NOEs, the relative orienta-
tions of the domains are ill-defined (13), as
reported for the first two zinc-finger do-
mains of SWI5 (15). In contrast, many
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NOEs were observed between the finger
domains from the human immunodeficien-
cy virus (HIV) enhancer binding protein,
leading to a reasonably well-defined inter-
domain orientation (16).

We extracted an averaged diffusion ten-
sor separately for each zinc-finger domain
by first aligning the backbones for each
finger, and then determining the individual
diffusion tensors based on Eq. 2. Because
the extracted diffusion tensors are sensitive
to local structure (e, orientations), only n,
tensors yielding goodness-of-fit values
above 0.1 and condition numbers less than
5 have been intluded in the averaging

D, =n,' 2Dy 4)
n=1

where o indicates the domains (ZF1, ZF2,
or ZF3). Because the backbone ’N-'H vec-
tor orientations for the two linkers (Thr?°-
Pro®* and Thr*?-Asn®) are ill-defined in
the NMR structures, they were not included
in the diffusion tensor calculations. The
resulting diffusion tensors (summarized in
Table 1) show substantial amounts of an-
isotropy and asymmetry, with the largest
effects belonging to ZF2. Protein aggrega-
tion does not appear to contribute to the
slow, anisotropic tumbling of ZF1-3 (17).
Table 2 gives the results for two simpler
models based on isotropic overall tumbling.
Model 1 assumes that the three domains
tumble as a single spherical top, and model
II treats each domain as an independent
spherical top with an individual correlation
time. Both models take fast intradomain
dynamics into account in the model-free
way (11). Models I and II yield average
tumbling correlation times of ~9 ns, which
is consistent with the anisotropic tumbling
model (Table 1) and much larger than the
1.8 ns obtained for a single zinc finger (18).
These correlation times imply that the tum-
bling motions of the three fingers are highly

Table 1. Reorientational diffusion tensors of ZF1—
3. For each domain, the diffusion constants D,,,
Dyy, and D,, of the anisotropic rotational diffusion
tensor D calculated as linear averages over the
best fitting diffusion tensors, are expressed in
terms of correlation times. The goodness-of-fit
values give a measure of the agreement between
experimental and calculated T, values for the
three domains. Residues that experience ‘‘true”
exchange contributions (Ala®, Thr®2, Asp”?, and
Ala”) as defined by Barbato et al. (19), were ex-
cluded from the fit.

correlated on the sub—10-ns time scale. The
low goodness-of-fit values, however, indi-
cate that isotropic tumbling models cannot
satisfactorily explain all aspects of the re-
laxation data.

The overall tumbling of ZF1-3 is both
anisotropic and much slower than expected
for a single zinc finger (18), suggesting the
presence of interactions among the three
domains and motional restrictions imposed
by the linkers. The average solution confor-
mation of the three—zinc-finger protein is
significantly elongated. Interconversion of
interdomain arrangements on slow time
scales (50 ns < T < 1 ms) causes diffusion
tensor fluctuations D(t), which give rise to
an averaged tensor

D = Sppo (5)
j

where the sum includes all arrangements j
with populations p;. The fitting procedure
based on Eq. 2 yields in this case an aver-
aged tensor D but does not allow character-
ization of the DY tensors belonging to the
various populated substates. Such rear-
rangements may or may not affect the av-
erage tumbling correlation time and tend to
decrease the effective rotational anisotropy.
Differences in the size of two diffusion
tensors belonging to the domains o and B
(for example, D,g; and D,g,) can be ex-

pressed by the parameter kg4

Tr(D,)

Kop TI’(DB) (6)
(where a, = ZF1, ZF2, 7ZF3, and Tr indi-
cates the matrix trace) which is a measure
of differential rotational diffusion between
the two domains. Deviations of the k pa-
rameters from unity indicate that the three
domains do not tumble as a fully rigid entity
and that rigid-body motion on time scales
of the order of the tumbling rate is present.
Consequently, the COOH-terminal ZF3
domain is most mobile (ks = 1.20),
followed by ZF1 (kg 46, = 1.08). The
central ZF2 domain is least mobile, because
it is restricted in its motional freedom from
both ends by ZF1 and ZF3. For the same
reason, diffusional anisotropy and asymme-
try are largest for ZF2 (Table 1). Intrado-
main dynamics, expressed by the model-free

Table 2. Isotropic tumbling models. Model | as-
sumes that all three domains (ZF1, ZF2, and ZF3)
tumble isotropically as a single sphere, and model
Il assumes that each domain tumbles individually

Do- Diffusion constants (ns) Good-  asasphere.

. ness
man 6D, )"t (6D, (6D, offit Model €Dz ™" 6D,) ™" (6D, ™" Goodness

(ns) (ns) (ns) of fit

ZF1 109 8.5 7.2 0.2
ZF2 151 9.4 6.6 0.3 | 8.6 10-96
ZF3 1041 7.6 6.3 0.1 I 8.7 9.9 79  6x10°8
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parameters S and T, is rather constrained
with average S = 0.82 and time scales
shorter than 100 ps. The two linker regions
are also restricted in their mobility on sub-
nanosecond time scales, with average S$? =
0.7. In this regard, the linkers in ZF1-3
behave differently from the linker connect-
ing the two EF hand-type domains in cal-
modulin, where it was concluded from
NMR relaxation data that the linker is
flexible and that the two domains exhibit
essentially isotropic, uncorrelated motions
in the sub—10-ns time window (19).

The anisotropic tumbling behavior ob-
served for ZF1-3 arises from correlated dif-
fusional motions of the individual zinc-finger
domains on a time scale of about 10 ns. This
means that the principal axes of the diffusion
tensors of the three zinc-finger domains
should display approximate alignment be-
cause they reflect the overall shape of the
whole molecule. It is therefore possible to
determine the average solution conforma-
tion of the protein by orienting the individ-
ual zinc-finger domains such that their prin-
cipal diffusion axes are aligned in parallel.
Although the alignment of the individual
diffusion tensors cannot be specified unique-
ly (20), the two linkers impose substantial
steric restrictions on the possible arrange-
ments of the three zinc-finger domains.

One possible average interdomain ar-
rangement is depicted in Fig. 1, which
shows the three zinc-finger domains super-
imposed on their respective diffusion ten-
sors represented as ellipsoids. Although re-
stricted rigid-body motions of the individu-
al zinc-finger domains do occur, as reflected
in the different sizes and shapes of the el-
lipsoids, the overall structure of the protein
in solution is highly elongated on average.

The motional restrictions of the individ-
ual zinc-finger domains could be of biolog-
ical significance in that they lower the en-
tropic costs of DNA binding and might also
affect the kinetics and selectivity early in
the docking event. Indeed, Radhakrishnan
et al. have recently found (21) that a single
site mutation in the first linker of ZF1-3
that results in decreased DNA binding af-
finity (22) also leads to enhanced flexibility
in the linker between the first two finger
domains in the free zinc-finger protein.
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Borders of Multiple Visual Areas in Humans
Revealed by Functional Magnetic
Resonance Imaging

M. . Sereno,* A. M. Dale, J. B. Reppas, K. K. Kwong,
. J. W. Belliveau, T. J. Brady, B. R. Rosen, R. B. H. Tootell

The borders of human visual areas V1, V2, VP, V3, and V4 were precisely and noninvasively
determined. Functional magnetic resonance images were recorded during phase-en-
coded retinal stimulation. This volume data set was then sampled with a cortical surface
reconstruction, making it possible to calculate the local visual field sign (mirror image
versus non-mirror image representation). This method automatically and objectively out-
lines area borders because adjacent areas often have the opposite field sign. Cortical
magnification factor curves for striate and extrastriate cortical areas were determined,
which showed that human visual areas have a greater emphasis on the center-of-gaze
than their counterparts in monkeys. Retinotopically organized visual areas in humans
extend anteriorly to overlap several areas previously shown to be activated by written

words.

Over half of the neocortex in nonhuman
primates is occupied by visual areas. At least
25 visual areas beyond the primary visual
cortex (V1) have been identified with a
combination of microelectrode mapping,
tracer injections, histological stains, and
functional studies (1). The analysis of this
data has been greatly aided by the use of
flattened representations of the cortical sur-
face made from conventional sections with
graphical techniques (2) and flattened wire
models (3), or more directly from sections
of physically flat-mounted cortex (4).

A large portion of the neocortex in hu-
mans is likely to be occupied by visual areas
too. It has been difficult, however, to out-
line unambiguously any human cortical
area with noninvasive techniques. Previous
studies have mapped only a few locations in
the visual field or have relied on stimulus
features to activate different areas (5), and
the tortuous convolutions of the human
neocortex have defied previous attempts to
see activity across all of its surface area at
once.

Many of the cortical visual areas in non-
human primates are retinotopically orga-
nized to some degree (3, 6). These areas are
irregularly shaped and somewhat variable in
location; consequently, recordings from
many locations (400 to 600) in single ani-
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mals have been required to define areal bor-
ders with confidence (7). Here we demon-
strate a technique for generating retinotopic
maps of visual cortex in humans with a
precision similar to that obtained in the
most detailed invasive animal studies. Re-
sponses to phase-encoded retinal stimula-
tion (8) were recorded with echo-planar
functional magnetic resonance imaging
(MRI) (9) and analyzed with a Fourier-
based method. The resulting volume data
sets were sampled with a cortical surface
reconstruction made from high-resolution
structural MRI images collected separately
for each participant (10). The cortical sur-
face containing the data was then unfolded
and analyzed with the visual field sign meth-
od to distinguish mirror image from non-
mirror image representations (7). By com-
bining these four techniques (multislice
functional MRI, stimulus phase-encoding
and Fourier analysis, cortical surface recon-
struction, and visual field sign calculations),
it was possible to reconstruct the retinotopic
organization of visual areas V1, V2, VP, V3,
and V4 in humans in two dimensions and to
accurately trace out the borders between
these areas in the living human brain.

To map polar angle (angle from the cen-
ter-of-gaze), we obtained 128 asymmetric
spin echo MRI images (1) of 8 to 16 ob-
lique sections perpendicular to the calcarine
sulcus (1024 to 2048 total) in a 512-s session
(~8.5 min) while participants (n = 7)
viewed a slowly rotating (clockwise or coun-
terclockwise), semicircular checkerboard
stimulus. Eccentricity (distance from the
center-of-gaze) was mapped with a thick
ring (dilating or contracting) instead of a
semicircle. These four kinds of stimuli elicit
periodic excitation at the rotation or dila-
tion-contraction frequency at each point
in a cortical retinotopic map (8, 12). The
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